The total amount of growth of Aerobacter aerogenes and Bacterium coli in glucose ammonium salt media which provided substrates in excess was dependent on the initial pH value in aerated and unaerated cultures. Total crops in aerated cultures were always higher for any particular initial pH value, and for cultures inoculated a t pH values less than 7.0 the pH fell to lower values in aerated than in unaerated media. Growth of a culture of A. aerogenes in its (unaerated) stationary phase resumed on aeration; when the pH value a t inoculation was 5-0-6-0, the pH continued to fall; when the pH value at inoculation was 6.1-7.0, the pH rose slightly. Growth of similar cultures of Bact. coli lagged when aerated ; pyruvate concentrations immediately increased and pH values fell when glucose was in excess but not when it was limiting for growth. The concentration of formic acid produced by fully grown cultures was sufficient to abolish growth in fresh media below pH 5-25 but not at pH 7.0. These observations are discussed in relation to views on the influence of aeration on growth.
SUMMARY:
The total amount of growth of Aerobacter aerogenes and Bacterium coli in glucose ammonium salt media which provided substrates in excess was dependent on the initial pH value in aerated and unaerated cultures. Total crops in aerated cultures were always higher for any particular initial pH value, and for cultures inoculated a t pH values less than 7.0 the pH fell to lower values in aerated than in unaerated media. Growth of a culture of A. aerogenes in its (unaerated) stationary phase resumed on aeration; when the pH value a t inoculation was 5-0-6-0, the pH continued to fall; when the pH value at inoculation was 6.1-7.0, the pH rose slightly. Growth of similar cultures of Bact. coli lagged when aerated ; pyruvate concentrations immediately increased and pH values fell when glucose was in excess but not when it was limiting for growth. The concentration of formic acid produced by fully grown cultures was sufficient to abolish growth in fresh media below pH 5-25 but not at pH 7.0. These observations are discussed in relation to views on the influence of aeration on growth.
Relationships between total growth and initial pH value of citrate media were established for aerated and unaerated cultures of A. aerogenes. Growth in unaerated media ceased a t pH values slightly higher than those a t inoculation, leaving some citrate unconsumed. Aeration then caused growth resumption accompanied by consumption of citrate and a further increase in alkalinity.
Although the influence of pH value on bacterial growth has been frequently observed, Stephenson (1949) stated that much published work is vitiated because it takes into account only the initial pH value. Gale & Epps (1942) followed pH changes during growth of Bacterium coli in complex media. Lodge & Hinshelwood (1939) found that stationary populations of Aerobacter uerogeflcs in aerated glucose ammonium salt medium were profoundly influenced by the initial pH value of the medium. We have measured pH changes during growth in various defined media with and without aeration. Ravin (1952) suggested that growth cessation in unaerated media is due solely to development of adverse pH values. The increased bacterial crop on aeration may be due to a more favourable pH value which is achieved when accumulated organic acids are consumed. We have tested this speculation by measuring pH changes when unaerated cultures in their stationary phase were aerated.
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METHODS
The organisms used throughout this work were A . aerogenes NCTC418 and Bact. coli NCTC5928. The media used contained KH2P04, 5-4 g.; (NH4),S04, 1.2 g.; MgSO,. 7H20, 0.4 g., made to 1 1. with glass-distilled water and, unless otherwise stated, the required carbon sources were added to give concentrations of 1 2 g. glucose and 35-3 g. Na citrate dihydrate/l. The p H value was adjusted to that required by the addition of ~N -N~O H or ~N -H C~. Cultivation was at 37" in either 6 x 1 in. or 8 x l i j n . Pyrex tubes. Cultures were aerated by passage of a gentle stream of sterile air. Methods of obtaining growth curves and precautions necessary to ensure reproducibility have already been described (Dagley, Dawes & Morrison, 1950a Happold & Spencer (1952~) .
RESULTS
Relationship between total growth and initial pH of glucose medium Growth of cultures containing excess substrates (Dagley, Dawes & Morrison, 1951) a t a series of initial pH values was followed turbidimetrically until growth ceased. I n agreement with the results of Lodge & Hinshelwood (1939) we found that the crop was considerably affected but that the mean generation time was not. Final bacterial populations for aerated and unaerated cultures are shown in Fig. 1 . For both organisms over the whole pH range higher final populations were obtained in aerated than in unaerated media. When the initial pH value was (6, A . aerogenes grew to higher populations than Bact. coli in both aerated and unaerated cultures. From the titration curve for the medium and measurements of pH values at the cessation of growth, the amount of acid formed was calculated. The amount of acid accumulated per million cells is plotted in Fig. 1 ; for A . aerogenes this value falls sharply t o a minimum at pH 5.8. Determinations of acetoin in growing cultures showed a rapid increase in concentration when the pH fell below 6-0; the pH optimum for the reaction is given as 5.6-6.0 (Silverman & Werkman, 1941; Happold & Spencer, 19523; Juni, 1952) and this minimum in the curve of acid production for A . uerogenes may probably be attributed to acetoin formation, For both organisms acid production in unaerated conditions was higher and in all cases maxima were given a t c. pH 7.5.
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Effect of aeration on pH value of glucose medium Measurements of pH value within 1 hr. of growth cessation (Table I ) showed that with initial pH values t 7 aerated cultures continued to grow when the pH had fallen to a value which inhibited growth in unaerated media. From these results it appeared that growth with aeration was less sensitive to high acidity than semi-anaerobic growth. We therefore investigated changes
Initial pH value, A. aerogenes
Initial pH value, Bact. coli in pH value and bacterial population when cultures which had ceased to grow in unaerated conditions were aerated. When the initial pH value of an A . aerogenes culture was < 6-1, the pH value continued to fall on aeration, whilst a rise in pH value occurred when the initial pH value was between 6-1 and 7.0. For this organism an increase in cell population occurred on aeration at all pH values investigated. Representative results for three pH values are shown in Fig. 2 Influence of pH and aeration on growth
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The initial pH value profoundly influences the balance of end products in bacterial fermentations (Tikka, 1935) . We considered it probable that when the pH value increased during aeration, organic acids were being consumed in growth at a rate more than sufficient to counterbalance production of acid by resumed glycolysis, and that in those cases where the pH value fell, glycolysis exceeded acid consumption. I n Fig. 2 it is than, and in excess of, full growth requirements (Fig. 3) . In no case was there an increase in pH value on aeration, and pyruvate concentration increased immediately in those cultures where excess glucose remained, but not in those from which glucose was exhausted. It is seen in Table 1 that growth may cease at a pH value which permits growth to proceed in a fresh medium; e.g. an unaerated A . aerogenes, initially a t pH 7.2, ceased to grow at pH 5.8, whilst a culture initially at pH 5.8 grew until the pH fell below 5. This suggests that products of metabolism became increasingly toxic as the pH value decreased. Both these organisms produce formic acid, and Gale & Epps (1942) showed that 0.2 yo (wiv) sodium formate stopped growth of Bact. coli below pH 6.2. Determinations of formic acid in filtrates from fully-grown cultures of A . aerogenes and Bact. coli showed the presence of 470 and 530 mg. formic acid/l., respectively. The effect of these concentrations of formic acid on growth of these organisms in the range pH 5.0-6.0 is shown in Table 2 . Formic acid is increasingly toxic as the pH value decreases, and growth is completely inhibited a t pH 5.25 and 5.0 for Bact. coli and A . aerogews respectively. Relation between total growth of Aerobacter aerogenes and initial pH value of citrate medium Citric acid as source of carbon for growth was studied for two reasons: (i) the pH value increases during growth on citrate in contrast to glucose, (ii) A . aerogenes grows well both aerobically and anaerobically in this medium. Measurements of final populations in aerated and unaerated media containing citrate in excess of growth requirements (35.3 g./l.) were made over a range of initial pH values (Fig. 4) . For both aerated and unaerated citrate media there was a sharp decrease in the stationary population when the initial pH values were between 7.0 and 7.5. With initial pH values between 5.0 and 7.0 there was a contrast between unaerated and aerated cultures; for the unaerated cultures there was a decrease of population with decrease of initial pH value and for the aerated cultures an increase. Thus a t low initial pH values the increase in crop due to aeration was even greater for citrate than for glucose. Table 3 records pH measurements for cultures in their stationary phase after growth with and without aeration for different initial pH values. In all cases there was an increase in pH value which was S . Dagley, E. A. Dames and S. M . Foster most pronounced in aerated cultures. Changes in pH value of unaerated cultures were so small that cessation of growth could not be attributed solely to this factor. When unaerated cultures at initial pH value 6.85 were aerated in their stationary phase growth resumed and the pH value increased (Table 4) . Simultaneous determinations of citrate indicated that citrate decomposition was also resumed on aeration. Since changes in pH value alone did not account for growth cessation in unaerated media containing excess citrate we investigated the possibility of the formation of toxic products. I n the mechanisms proposed by Deffner (1938) and by Brewer & Werkman (1939) citrate is split initially, in anaerobic conditions, to oxaloacetic and acetic acids. Although the oxaloacetic acid inhibits reactions of importance in bacterial metabolism (Stone & Wilson, 1952;  Pardee & Potter, 1948) additions of oxaloacetate up to 80 mg./l. increased both rate of growth and final population. The ability of oxaloacetate to promote growth on addition to defined media has been reported previously (Ajl & Werkman, 1948; Dagley, Dawes & Morrison, 1950b) . Determinations of acetic and formic acids in fully grown unaerated cultures (initial pH 7.0) gave values of 3.46 and 0.91 g./l., respectively. The addition of this concentration of acetic acid to unaerated cultures inhibited growth in the pH range 6.2-7.1; the effect was more pronounced a t low pH values (Table 5 ) .
DISCUSSION
Cessation of growth of Bact. coEi and A. aerogenes in glucose ammonium salt media when nutrients remain unconsumed was attributed to failure of hydrogen transfer from reduced disphosphopyridine nucleotide (DPN) to metabolites (Dagley et al. 1951 ). Production of toxic products was not considered responsible for the end of growth since sterile filtrates from such cultures promote growth (Dagley et d. 1950b) . Such filtrates, however, were tested a t pH values which were optimal for growth. The present work shows that formic acid, the toxicity of which increases rapidly as the pH \-slue decreases, is produced in quantities sufficient to inhibit growth at the pH values reached in unaerated media. Inhibition of growth by other end products of metabolism may also increase as acidity develops, and an explanation is afforded of the observation that cultures may cease to grow at pH values which permit growth in fresh media. Ravin (1952) showed that increase of buffer capacity led to increased stationary populations in unaerated cultures and attributed stoppage of growth to the development of adverse pH values, and the resumption of growth on aeration to consumption of accumulated organic acids. We showed, however, that for certain initial pH values acidity continued to develop although growth resumed on aeration. Further, in the present and previous work (Dagley et aE. 1951) , estimations of pyruvate indicated that glycolysis was resumed on aeration, and it seems unlikely that this is without significance for growth.
The effect of acidity on the growth of A. uerogenes and Bact. coli was more pronounced with unaerated than with aerated cultures. Perhaps hydrogen transfer from reduced DPN to metabolites is inhibited at pH values which permit hydrogen transfer to oxygen. Fowler (1951) showed, however, that anaerobic utilization of glucose by Bact. coZi appears to be effected by an adaptive enzyme which does not function under aerobic conditions ; inhibition by toxic products at low pH values may therefore occur at this point. The factors which cause growth cessation in anaerobic citrate cultures cannot at present be completely evaluated. Although conditions inside the cell may difl'er greatly from those outside, measurement of changes of pH value in the external fluid do not support the view that the development of adverse pH values causes growth to cease and the resumption of growth on aeration certainly cannot be attributed to consumption of organic acids formed as fermentation products. Although we showed that acetic acid was produced anaerobically in amounts sufficient to cause inhibition, growth was not abolished at pH 7 .
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